Mutations of inversin cause type II nephronophthisis, an infantile autosomal recessive disease characterized by cystic kidney disease and developmental defects. Inversin regulates Wnt signaling and is required for convergent extension movements during early embryogenesis. We now show that Inversin is essential for Xenopus pronephros formation, involving two distinct and opposing forms of cell movements. Knockdown of Inversin abrogated both proximal pronephros extension and distal tubule differentiation, phenotypes similar to that of Xenopus deficient in Frizzled-8. Exogenous Inversin rescued the pronephric defects caused by lack of Frizzled-8, indicating that Inversin acts downstream of Frizzled-8 in pronephros morphogenesis. Depletion of Inversin prevents the recruitment of Dishevelled in response to Frizzled-8 and impeded the accumulation of Dishevelled at the apical membrane of tubular epithelial cells in vivo. Thus, defective tubule morphogenesis seems to contribute to the renal pathology observed in patients with nephronophthisis type II.
renal development | Wnt/PCP signaling I nversin (Invs, NPHP2) acts as a molecular switch between canonical and noncanonical Wnt signaling (1, 2) . Inversin inhibits the canonical Wnt pathway by targeting cytoplasmic Dishevelled for degradation. Inversin is also involved in noncanonical Wnt signaling. Inversin contains multiple ankyrin repeats and shares the domain architecture with the Drosophila protein Diego, a known planar cell polarity (PCP) protein. Both Inversin and Diego interact with Dishevelled (Dvl), Strabismus (Stbm), and Prickle (Pk) (3) (4) (5) . Recruitment of Dishevelled to the plasma membrane after Frizzled activation is a key event in noncanonical Wnt signaling (6, 7) . Inversin colocalizes with Dishevelled at the membrane of polarized renal epithelial cells (5) , suggesting that Inversin plays a role in noncanonical Wnt signaling in the kidney.
Nephronophthisis (NPH) is the most frequent genetic cause of renal failure in children and young adults. The youngest group consists of children with Inversin mutations, whose renal failure occurs between birth and 3 y of age (infantile form, NPH type II). Renal abnormalities in NPH include tubular basement membrane disruption, tubular atrophy, and formation of cysts that are typically aligned along the cortico-medullary border (8) . The inversion of embryo-turning (inv) mouse, lacking exons 4-11 of inversin, dies from renal and/or hepatic failure shortly after birth. The kidneys display an unusual persistence of tubular narrowing and dilatation (5, 9, 10) . However, the precise role of Inversin in early renal development is still elusive.
To overcome the limitations of studying mammalian organogenesis (11), we analyzed Xenopus laevis pronephros development by intravital microscopy. In contrast to the rudimentary pronephric structure in mammals, the amphibian pronephros serves as a functional excretory organ during the earliest stages of development. Each of the paired organs is made up of a single nephron, a functional unit consisting of the glomus, where the blood is filtered into the coelomic cavity, and one tubule, through which the primary urine passes to be excreted through the cloaca (12) ; the simple architecture and morphological and physiological similarities to the more complex meso-and metanephros make it an ideal model to study early renal development (13) . The pronephros originates from the intermediate mesoderm and is patterned in a proximal to distal fashion after the nephrogenic mesenchyme condensates into an epithelialized tubule (14) (15) (16) . Morphogenesis of the early pronephros has been studied in Xenopus by vital dye injections or transplantation assays (17) . These studies show that the segregation of the pronephric duct from the intermediate mesoderm is followed by cell migration in a caudal direction before the duct fuses with the rectal diverticulum.
The analysis of Wnt9b-deficient mice underlined the importance of the noncanonincal Wnt/PCP signaling pathway for renal development (18) . Similarly, Frizzled-8 depletion in the Xenopus pronephros disrupts tubule differentiation without affecting early pronephros specification (19) .
In this study, we analyzed the role of Inversin during renal development in X. laevis using confocal time-lapse imaging of intact embryos. We observed two opposing morphogenetic cell movements that extend the proximal pronephric tubule in a ventral direction. Inversin is essential for the morphogenesis of the proximal and intermediate pronephric system and relays Frizzled-8-dependent signals to recruit Dishevelled to the plasma membrane. Depletion of Inversin leads to impaired ventral extension and elongation of the early pronephros.
Results
Inversin Is Required for Normal Pronephros Development. To investigate the role of Inversin during pronephros development in X. laevis, we depleted endogenous Inversin using targeted injections of a translation-blocking morpholino antisense oligonucleotide (Invs-Mo) (Fig. S1 A-C) . When bilateral injections were targeted to the blastomeres that mainly contribute to the pronephros (V2), embryos developed pronounced edema at stages 43-45 ( Fig. 1 A and B) as a possible consequence of im-paired pronephric function (20) . Whole-mount immunostainings with the tubule-specific antibodies 4A6 and 3G8 (14) outlined the entire pronephric tubule of the uninjected side at stage 40 ( Fig. 1E ) but only the most proximal tubules in unilaterally InvsMo-injected embryos (Fig. 1F) . To determine whether the integrity of the tubule was impaired, we performed a dye excretion assay. Within seconds after injection into the coelomic cavity, fluorescent dextran (70 kDa) was secreted through the pronephros (Fig. 1H) . At stage 42, the vast majority of Invs-Moinjected embryos maintained a patent pronephros (88%; n = 26) (Fig. 1G) . Interestingly, the coiled lumen of the proximal tubules marked by fluorescence seemed reduced in total volume on the Invs-Mo-injected side (Fig. 1J) . We calculated the area occupied by the pronephric tubules by measuring the maximal dorsoventral and cranio-caudal distance of tubular coiling (Fig. 1M) . The ratio between injected and uninjected sides confirmed that the pronephric loops occupied a significantly smaller area on the Invs-Mo-injected side (57% of the uninjected side) (Fig. 1N) . Standard control Mo (CTL-Mo) injections did not affect the tubule area (98% of the uninjected side). Thus, Inversin depletion does not affect the formation of the pronephric lumen or fusion of the pronephric duct with the rectal diverticulum, but it limits the extension of the pronephric tubule, resulting in a shortened and simplified tubular convolute.
Inversin Is Required for Tubule Elongation. The β1 subunit of the Na-K-ATPase (atp1a1), specifically expressed in the early pronephros (21) , was visualized by in situ hybridization. After condensation of the lateral mesoderm, the primary pronephric loop begins to extend ventrally (Fig. S2C) and subsequently, forms the pronephric tubule (Fig. S2G) . In Invs-Mo-injected embryos, the extension of the primary loop was reduced at stage 34 (Fig. S2D) , resulting in a stunted pronephros at stage 40 compared with the uninjected side. Despite the lack of ventral pronephros extension, simplified tubules formed in the absence of Inversin (Fig. S2J ), suggesting that Inversin plays an important role in ventral extension of the pronephric tubules during early renal morphogenesis. Abnormal tubulogenesis was also observed in E17.5 kidneys of inv( −/− ) mice. At this stage, in situ hybridization for ClC-K a on serial sections produced a strong and reliable signal, which was used to reconstruct the ascending limbs and early distal tubules ( Several transcription factors mark the pronephros anlagen (22) (23) (24) (25) . Whole-mount in situ hybridization for LIM homeobox 1 (Lim-1) (lhx1), paired box 8 (pax8), hepatocyte nuclear factor 1 homeobox B (vHNF1-1) (hnf1β), and GATA binding protein 3 (gata3) did not uncover any effect of Inversin depletion on renal primordia. Wnt-4 (wnt4) expression was not affected as detected by in situ hybridization. (Fig. S3 A-N and Table S1 ). The simplified tubules observed after Inversin knockdown led us to investigate pronephros segmentation at stage 38 (13, 21) (Fig. S4A ). In situ hybridization against the sodium/glucose cotransporter (xSGLT-1K) (slc5a1), the sodium bicarbonate cotransporter 1 (NBC1) (slc4a4), the sodium/potassium/chloride transporter (NKCC2) (slc12a1), the chloride channel K (ClC-K) (clcnkb), and Nephrin (nphs) showed that all markers were present in Invs-Mo-injected embryos ( Fig. S4 B-M), indicating that Inversin does not interfere with glomus maturation or pronephros segmentation. However, the intermediate segment, albeit present, was shortened in InvsMo-injected embryos (Fig. S4 F, G, J, and K). To quantify these defects, we measured the dorso-ventral extension of the tubule after in situ hybridization for ClC-K and found a reduction in size of 44% compared with the uninjected side (0.202-0.113 mm; n = 59) (Fig. S4N ). Coinjection of a murine Inversin mRNA rescued this phenotype and reduced the difference to 11% (0.189-0.168 mm; n = 50), confirming the specificity of the Invs-Mo-mediated depletion of Inversin. Defective in situ staining patterns for the distal tubule markers NBC1 (reduced in 56% of injected embryos) and the thiazide-sensitive NaCl cotransporter (NCC2) (reduced in 43%) ( Fig. S4 E and I) suggest a lack of differentiation in the distal tubules in Invs-Mo-injected embryos, underlining the results obtained for 4A6/3G8 staining.
Two Opposing Directions of Morphogenetic Movements Shape the
Early Pronephros. The lack of ventral extension seen after Inversin depletion suggested that Inversin is required for early pronephros morphogenesis. To visualize morphogenetic movements in vivo, we used confocal time-lapse microscopy. Embryos were injected with either CTL-Mo or Invs-Mo in combination with membrane-associated GFP (mem-GFP) and histone-2B-red fluorescent protein (H2B-RFP) to mark the nuclei (Movie S1). Confocal stacks of two embryos were acquired in parallel to synchronously monitor the development of CTL-Mo-vs. InvsMo-injected embryos for up to 26 h. Cells clearly identified as part of the pronephros in later time frames were tracked backward to determine their migratory pattern (Movie S2). The calculated trajectories revealed two distinct types of morphogenetic movements ( Fig. 2 A-D) ; both elongated the pronephros in a ventral direction. One type of tissue movement originated in the proximal pronephric condensate and extended the tubule in a dorsal to ventral direction (Fig. 2B , at 8 h, green, yellow, and red balls). Other cells migrated in a proximal direction, starting from distal parts of the early pronephros (Fig. 2B, blue balls) . The opposing forces of these two movements extend the primary loop in a ventral direction. Surprisingly, only the dorsal to ventral movement originating in the proximal pronephros was severely impaired in the Invs-Mo-injected embryos. The distance of dorsal (green) to ventral (yellow) cell clusters inclined steeply during the first 6 h in CTL-Mo-injected embryos but was reduced in the InvsMo-injected pronephros (Fig. 2E) . However, the posterior to anterior cell movements remained normal in Invs-Mo-injected embryos (blue balls).
To quantify the role of Inversin in posterior to anterior cell migration, we used a photo-convertible fluorophore (Kaede) (26) . Photo conversion was induced at stage 34 in a stripe of 200-μm width and 1.6-mm distance from the head (Fig. 2 F-I) . After 18-20 h (stages 39 and 40), a stretch of red fluorescent cells was observed that had migrated in a posterior to anterior direction along the pronephric tubule; the migration distance was comparable in Invs-Mo-and CTL-Mo-injected embryos (Fig. 2H) . (Fig. 3A) . The percentage of mitotic cells was not different on the Invs-Mo-injected side (Fig. 3B) . To check for increased apoptosis, we performed TUNEL (Fig. 3D ) and Caspase-3 assays (Fig. 3E) (27) . Both assays identified apoptotic cells only in the vicinity of the pronephros; the amount of apoptotic cells was not different on the Invs-Mo-injected side.
Camptothecin is a topoisomerase I inhibitor that selectively blocks cell proliferation without affecting cell migration during zebrafish and Xenopus embryogenesis (28) (Fig. 3C ). Embryos were incubated in DMSO or camptothecin during maximal extension of the pronephric loop from stages 31 to 36. The dorsal to ventral dimension of the pronephros was assessed using in situ hybridization for Na-K-ATPase. Although the extension of the pronephric loop was intact in camptothecin-treated embryos, total ventral movement was reduced because of the absence of cell proliferation (Fig. 3 F and G) . However, the residual dorsal to ventral extension of the pronephric loop was dramatically reduced by Inversin depletion (Fig. 3G, red arrow) , confirming that Inversin is required for dorsal to ventral extension of the pronephros independent of proliferation.
Inversin Acts Downstream of Frizzled-8 in Axis Extension and Tubule
Development. Frizzled-8 conveys both canonical and noncanonical Wnt signals during early morphogenesis (29) (30) (31) (32) (33) and is highly expressed in the developing pronephros (19) . The phenotype after knockdown of Frizzled-8 (Fzd-8) closely resembles that of Inversin depletion (19) . In Fzd-8-Mo-injected embryos, the pronephric tubule was simplified and shortened (compare Fig. S1H and Fig. 4D ), and the distal and intermediate tubules showed reduced 3G8/4A6 antibody staining (compare Fig. 1F and Fig. 4K ). The extracellular domain of Fzd-8 (ECD-8) acts as a dominant negative, and overexpression leads to convergent extension defects, resulting in a shortened and dorsally bent body axis (30, 31) (Fig. 4E) . Coexpression of Inversin partially rescued this phenotype, placing Inversin downstream of Fzd-8 in noncanonical Wnt signaling. In a similar fashion, Inversin overexpression rescued the defects in pronephros development caused by Mo-mediated knockdown of Fzd-8 (Fig. 4 F-N) . These findings indicate that Inversin acts downstream of Fzd-8 during pronephros development.
Inversin depletion did not affect the expression of the canonical Wnt targets axin2 and fibronectin (Fig. S5) detected by in situ hybridization, nor nuclear accumulation of β-Catenin detected by immunostaining (Fig. S6) . However, combined depletion of Dishevelled-1 and -3 or coexpression of the dominant-negative Dishevelled mutant Xdd1, interfering with PCP signaling (34) , mimicked the phenotype of Invs-Mo injection (Fig. S6 C-F) . Because phospho-JNK1/2 was localized at comparable levels with the nuclei of both uninjected and Invs-Mo-injected pronephroi (Fig.  S7B ) and the mixed lineage serine/threonine kinase 2 (MLK2), an upstream activator of JNK expressed in the pronephros (35), did not rescue the Invs-Mo phenotype (Fig. S7C) , the function of Inversin during pronephros formation does not seem to involve JNK activation.
Normal Localization of Dishevelled in Ectodermal and Tubular
Epithelial Cells Requires Inversin. Recruitment of Dishevelled to the plasma membrane in response to Frizzled receptors is a key event in noncanonical Wnt signaling (6, 7) . To investigate whether the membrane localization of Dishevelled in response to Fzd-8 depends on Inversin, we used sequentially injected ectodermal explants (animal caps) to generate mosaic cell clusters (Fig. 5A) .
The first injection into two cell-stage embryos directed the expression of Dishevelled-GFP to all ectodermal cells. The second injection targeted a subset of cells; a nuclear marker (H2B-RFP) was included to track the second injection. Dishevelled-GFP alone predominantly formed punctuated aggregates in the cytoplasm (Fig. 5B) . If Fzd-8 was included in the second injection, Dishevelled-GFP localized to the plasma membrane (Fig. 5B) . Invs-Mo injection dramatically diminished the translocation of Dishevelled-GFP to the membrane; instead, Dishevelled-GFP accumulated diffusely in the cytoplasm (Fig. 5C ). Cytoplasmic Dishevelled-GFP was hardly detectable at microscope settings used to image the membrane-bound Dishevelled-GFP in mosaic tissues (Fig. S8G for Dishevelled-GFP localization in nonmosaic explants). Dishevelled-GFP membrane recruitment was restored in cells expressing mouse Inversin, resistant to Invs-Mo (Fig. 5D) . These experiments show that Inversin is essential for the translocation of Dishevelled in response to Fzd-8. To analyze whether Inversin directs the localization of Dishevelled during pronephros formation, we examined the subcellular localization of endogenous Dishevelled in stage-36 embryos (Fig. 5 E and F) . Embryos, injected unilaterally with Invs-Mo, were labeled with antiserum against Dishevelled-2 as well as acetylated α-tubulin to identify the cilia of the pronephric tubules. On the uninjected side, Dishevelled was detected at the apical membrane of pronephric tubules (Fig. 5E ). In the Invs-Mo-injected side, staining for endogenous Dishevelled was strongly reduced or not detectable at the apical membrane (Fig. 5F ). These findings indicate that Inversin regulates Dishevelled localization during Xenopus pronephros development. 
Discussion
In vivo imaging of intact X. laevis embryos allowed us to follow the extension and convolution of the proximal Xenopus pronephros. Two opposing morphogenetic cell movements shape the primary loop, which continues to form the intermediate segment.
Inversin is required for the dorsal to ventral movement of the proximal pronephros but not for the posterior to anterior movement originating in the distal pronephros. Remarkably, the morphogenetic cell movements of the proximal tubule precede the onset of filtration and a fully functional pronephric system at Nieuwkoop-Faber stage 37/38 (12) . Thus, fluid flow, which is a driving force for the collective distal to proximal cell migration observed in zebrafish pronephros development (28), is clearly not needed for the initial configuration of the proximal Xenopus pronephros, but it may contribute to the lengthening, extension, and differentiation of the pronephric convolute at later stages. Although Inversin-depleted tubules seem to encompass fewer cells, we did not detect changes in either mitosis or apoptosis. However, we cannot exclude differences in proliferation or apoptosis during earlier stages. Alternatively, abnormal morphogenetic movements might change the fate of cells, preventing their participation in pronephros morphogenesis.
Our findings suggest that Inversin promotes the translocation of Dishevelled in response to Frizzled receptors. Inversin alone does not recruit Dishevelled to the plasma membrane (Fig. S3) , revealing the importance for upstream components such as Frizzled receptors. Nevertheless, our results identify Inversin as one of the few known molecules that link Dishevelled to Frizzled receptors. Inversin shares the overall domain architecture with the Drosophila protein Diego; Diego interacts with Dishevelled and stabilizes the Frizzled/Dishevelled complex at the plasma membrane (3). Whether Inversin stabilizes or actively recruits Dishevelled to the plasma membrane requires further investigation. Contributing to our understanding of the molecular pathogenesis of NPH, our results show that Inversin acts downstream of Frizzled-8, a receptor implicated in the transmission of noncanonical Wnt/PCP signaling events, to facilitate the extension and subsequent elongation of the tubular system in the Xenopus pronephros.
In contrast to the knockdown of Polycystin-2 or Bicaudal C (36), we did not observe tubule dilation in the Xenopus pronephros after knockdown of Inversin (Fig. S1G) . Instead, Inversin depletion caused severe edema, potentially because of impaired water elimination. We speculate that simplification of the proximal pronephros convolute and shortening of the intermediate segment reduce the efficiency of fluid excretion. The Xenopus pronephros actively excretes water, whereas the mammalian kidney faces the opposite task of water conservation (37, 38) . A concentration defect is one of the clinical manifestations in human NPH. Most of the glomerular ultrafiltrate is reabsorbed in the proximal tubule and loop of Henle, the segment that corresponds to the intermediate tubule in Xenopus embryos. The interstitium occupying the space in between proximal tubular segments of Inversin-deficient (inv) mice is disorganized and more abundant (39) . Analysis of the ClC-K a -positive nephron segments of inv( −/− ) mice (Fig. S2 K-M) supports the hypothesis that defective elongation of the proximal nephron segments occurs in human disease and may account for the widened interstitium in inv mice. The observed reduction in nephron number may contribute to the phenotype. Interestingly, 20% of patients with a mutation in Invs/NPHP2 have smaller kidneys in renal ultrasound (40) . Thus, abnormal cell migration and nephron differentiation may contribute to the renal manifestations of NPH.
Materials and Methods
Embryos were cultured and manipulated as described (12, 41) . All experiments were approved by the institutional animal committee (Regierungspräsidium Baden Württemberg). Invs-Mo (GeneTools): 5′-GGCTACTCATACTAGAACTGG-GACA-3′; Fzd-8-Mo: 5′-GCAGCGACAGCGACAGACTCTCCAT-3′. Standard methods for staining and in situ hybridization were used (42) . For tubular excretion assay, 10-40 nL 70-kDa FITC dextran (Molecular Probes) were injected. A Zeiss LSM 5 LIVE DuoScan with a motorized stage was used for parallel imaging at separate locations at 3-min intervals and photoconversion of Coral Hue Kaede (26) . Motion in the 4D data was analyzed with a variational optical flow approach.
Embryos were incubated in 60 μM Camptothecin (C9911; Sigma) in 1% DMSO. A detailed description of reagents, embryo manipulations, migration assays, and statistical analysis can be found in SI Materials and Methods. 
